Ferroelectric ceramic fiber is expected to demonstrate a wide variety of practical applications in industrial fields due to the flexibility and shape anisotropy. Lead-free ferroelectric (Na,K)NbO 3 (NKN) fiber was synthesized through electrospinning method using aqueous-based citrate precursor (CP). The morphology of electrospun fibers was observed and the properties of the precursor solution, such as viscosity, electrical conductivity and evaporation rate, were investigated. Addition of ethanol and acetic acid to the solvent of the PVA solution worked well for the electrospinning since both additives could control the electrical conductivity as well as evaporation rate of the CP/PVA prepared solution. The properties of the precursor, especially electrical conductivity and evaporation rate have significant influence on the morphology and homogeneity of the developed fibers. The homogeneous NKN fibers with a single perovskite structure of orthorhombic phase at room temperature and controllable diameter ranging approximately 100 to 1100 nm were obtained, indicating that the electrospinning of ferroelectric NKN fiber through CP route was successfully conducted.
Introduction
Lead-free ferroelectric (Na,K)NbO 3 (NKN) materials have attracted considerable attention due to their good piezoelectric properties and high curie temperatures. 1) 6) The conventional solid-state reaction is often used to produce these alkali niobate materials. In this method, however, high sintering temperatures are required which leads to the volatilization of alkaline substances. 7) 9) The formation of defects and secondary phases may occur owing to the volatilization and cause the degradation of the piezoelectric properties. Therefore, wet processing routes such as hydrothermal synthesis 10) and solgel process 11) synthesizing at lower sintering temperatures have attracted attention. In our previous study, it was found that a fine ceramic powder derived from an aqueous-based citrate precursor (CP) possesses much better densification and consequently the piezoelectric properties than a coarsen powder synthesized by a conventional solid-state reaction. 12) Furthermore, CP can be used as a starting source to produce various forms such as bulk ceramics, films and fibers as well. In particular, ferroelectric ceramic fiber and its fabric are expected to demonstrate a wide variety of practical applications in various industrial fields such as energy materials, sensors, and nanoelectronics because of their flexibility and shape anisotropy. 13 ) 16) In recent years, it has also been reported that piezocomposite structures constituted of PZT nanofibers and a polymer matrix were fabricated for energy harvesting.
16) However, there have been few studies that attempted to synthesize NKN fibers. These fibers may lead to eco-friendly energy devices and accelerate the development of specific technical fields.
There are a few methods to produce a fiber structure such as melt-blowing, solgel, forcespinning, and electrospinning.
17)20)
Among these methods, the electrospinning technique is especially categorized as one of the relatively simple and excellent methods to obtain continuous one-dimensional structure in the form of microfiber, nanofiber, and three-dimensional textile through polymerized organic or inorganic precursor sources. However, this technique has many process parameters which should be taken carefully in order to control surface flatness and diameter of the fiber. 22)24) In particular, it is well known that viscosity, evaporation rate and electrical conductivity of the precursor solution as well as applied voltage during the electrospinning strongly affect the morphology and dimension of fibers.
25)27) For example, changes in polymer solution conductivities could lead to important morphological variations for electrospun fibers, which shows that the electrical conductivity plays a significant role in fabricating the homogeneous polymer fibers.
26)
Therefore, in this work, NKN fibers and its fabrics were produced via the electrospinning technique using an aqueousbased CP source and the effects of such process parameters (viscosity, electrical conductivity and evaporation rate) on the morphology of electrospun NKN fibers were investigated. O powders were dissolved in deionized water at room temperature to form a homogeneous alkali (Na,K)-source solution. After constant stirring, the Nb-source was poured into the alkali-source with a Na/K/Nb molar ratio of 0.500/0.500/ 1.000.
Experimental procedure
The NKN precursor used for the electrospinning was modified from the standard source used for powder synthesis. A variety of polymer solutions, such as polyvinyl alcohol (PVA) and polyvinyl pyrrolidone (PVP), can be used for the electrospinning due to their high viscosity. 20),28), 29) In this study, water-soluble PVA solution was chosen. In order to investigate the effect of the viscosity for the solutions, the various concentrations (6 to 12 wt %) of PVA solution were prepared. PVA solution was then mixed into the NKN precursor solution with a mixing ratio of 1.0/1.0 by weight. Deionized water, ethanol and acetic acid were used as solvents for PVA solution to investigate electrical conductivity and evaporation rate of the CP/PVA prepared solutions. Table 1 shows the properties of PVA solutions. Three types of PVA solutions were synthesized with different mixing ratios of solvents.
A schematic image of the electrospinning equipment is shown in Fig. 1(b) . The setup consisted of a plastic syringe with metal needle, a syringe pump for controlling flow rates, a grounded cylindrical stainless steel and a high voltage power supply. The CP/PVA prepared solutions were poured into a plastic syringe, followed by an electrospinning at room temperature. High voltage of 18 kV was applied in a gap length of 7 cm between the tip of a syringe and a grounded collector with a constant flow rate of 1.0 mL/h. As-spun white color fabric was dried at 100°C in air for 12 h, which became yellowish after drying. The dried fabric was fired at different temperature 600, 700, 800°C for 1 h.
Viscosity of the CP/PVA solutions was determined by a viscometer (SV-10, A&D, Japan). Electrical conductivity of the solutions was measured by a benchtop multi-parameters meter (F-55, HORIBA, Japan) using a conductivity cells (3552-10D, HORIBA, Japan). Thermogravimetric-differential thermal analysis (TGDTA) was performed to monitor evaporation rate of the solutions, kept at room temperature in air for 30 min and confirm the temperatures of thermal decomposition and crystallization of the as-spun fibers. The phase transition temperature of the fired NKN fibers was determined by differential scanning calorimetry (DSC) to confirm the Curie temperature (T C ) and compared with the NKN bulk ceramics. The fired NKN fabrics were characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM).
Results and discussion
In case of condition I (Table 1) , when the solvent of the PVA solution was deionized water solely, no electrospinning could be conducted. The charged jet behavior near the needle tip became unstable, and the jet was not ejected from the needle tip. Nearly the same results were obtained even when the applied voltage and the distance between the needle tip and grounded collector were varied. Accordingly, it was noted that the properties of the solution have more significant impact on the electrospinning as compared to the electrospinning parameters (applied voltage, needle tip-collector distance etc.).
The effects of solvents and concentrations of polystyrene (PS) solutions on the morphology of the electrospun PS fibers have been studied by Jarusuwannapoom et al. 30) Eighteen solvents with different basic properties (boiling point, electric conductivity, surface tension etc.) were used to synthesize the PS fibers. The electro-spinnability and the morphology of the fibers could be varied by varying the solvent properties. In other words, basic properties of the solvents could significantly affect the electrospinning. Furthermore, Fong et al. 31) reported that the addition of ethanol to the solvent leads to the homogeneous structure of the electrospun fibers.
Therefore, in the condition II (Table 1) , ethanol having easy handleability was mixed into the water as the PVA solvent to prepare the solution for electrospinning and achieve the stability of the charged jet near the needle tip. As a result, electrospinning could be conducted due to the addition of ethanol and the homogeneous as-spun fiber was obtained. Thus, the addition of ethanol was suitable for the electrospinning of NKN fiber, relative to condition I. Moreover, the concentration of the PVA solution was varied to determine the viscosity of the CP/PVA prepared solution most suitable for the electrospinning. The asspun fiber from the solution at the concentration of 6 wt % was heterogeneous structure due to low viscosity of the prepared solution (106 mPa·s). In case of the concentration of 12 wt %, the viscosity of the prepared solution (1102 mPa·s) was so high that the electrospinning was not conducted stably. Among these PVA concentrations, the as-spun fiber from the PVA concentration of 10 wt % was an elaborated fiber morphology with an excellent electrospinnability. Therefore, the viscosity (634 mPa·s) of the prepared solution at the PVA concentration of 10 wt % can be suggested as the most suitable for the electrospinning using CP/ PVA solutions. The thermal analysis of the as-spun fiber was performed to optimize the firing procedure. The TGDTA result of the as-spun fiber is shown in Fig. 2 . A small weight loss of 7% up to a temperature of ³120°C indicated the evaporation of the absorbed water and residual solvents (deionized water, ethanol, and acetic acid) from the as-spun fiber. As shown in the DTA result, there were two significant exothermic peaks at approximately 330 and 490°C. The exothermic peak at ³330°C was considered as the thermal decomposition of PVA with the dehydration on the polymer side chain 32) and citrate precursor including excessive citrate acid, 33) which resulted the weight loss of 49% simultaneously in the TG result. The other peak around 490°C was ascribed as the thermal decomposition of the polymer main chain 32) and residual organic components with a weight loss of 17%. Overall, strong weight loss and any peaks in the TGDTA curves could not be seen above 530°C, suggesting that the thermal decomposition of PVA and CP was completed up to this temperature. Figure 3 shows the XRD patterns of NKN fibers sintered at different temperature for 1 h. It is well known that Na 0.5 K 0.5 NbO 3 phase is orthorhombic at room temperature. 34) After the thermal decomposition, a perovskite structure of NKN begins to emerge above 600°C. However, the diffraction peaks (220) around 45.5 o of the NKN fibers treated at 600700°C were broad and could not clearly show the peak-split. With further increase in temperature up to 800°C, the crystallization behavior was improved and the diffraction peak around 45.5 o split clearly. The intensity of the diffraction peak (220) of orthorhombic phase at 800°C was stronger than the peak (002) of tetragonal phase, indicating that a single perovskite structure of NKN can be defined as orthorhombic phase at room temperature was formed completely at 800°C. Thus, the firing temperature was optimized to be 800°C. The NKN fiber formed from the CP/PVA prepared solution with a deionized water/ethanol volume ratio of 1.00/ 1.00 in the condition II is shown in the Fig. 4(a) . As can be seen from the SEM image, the fiber shape was not distorted during a firing process. The amount of ethanol as solvent was changed in order to investigate the morphology of the NKN fiber with changing solvent conditions of PVA solution. The yields of the NKN fiber increased with an increase in the amount of ethanol, whereas its fiber structure became heterogeneous with reduced mechanical strength. Comprehensively, the PVA solvent with a deionized water/ethanol volume ratio of 1.00/1.00 was suited well to conduct the electrospinning in the condition II. However, it was not sufficient simply to mix ethanol into the PVA solvent from the view point of fiber morphology. Accordingly, acetic acid was added into the PVA solvent with the deionized water/ethanol volume ratio of 1.00/1.00 to further homogenize the fiber morphology, in case of condition II (Table 1) . Acetic acid has a different boiling point as compared with water and ethanol. Hence, the boiling point having an important role on electrospinning, 30),35) the solutions with varying boiling points can be prepared by changing the mixing ratio of the PVA solvents. Addition of ethanol and acetic acid worked well for the electrospinning of NKN fiber as shown in Fig. 4(b) . It was found that acetic acid plays an important role to synthesize Fig. 2 . Thermogravimetric-differential thermal analysis (TGDTA) of the as-spun NKN/PVA fiber. Fig. 3 . XRD patterns of NKN fibers fired at different temperature (600, 700, 800°C). the elaborated fiber by the electrospinning. However, higher amount of acetic acid caused huge agglomerations in the threedimensional fiber structure. As a result, modified solution with the deionized water/ethanol/acetic acid volume ratio of 1.00/ 1.00/0.50 could lead to the elaborated fiber with controllable diameter ranging approximately 100 to 1100 nm as illustrated in Fig. 4(c) . Electrical conductivity and evaporation rate of the CP/PVA prepared solutions of conditions II and III were measured, as the change in the morphology of NKN fiber is thought to be due to the change of solution parameters. Electrical conductivity of the prepared solution with various mixing ratio of solvents in case of conditions II and III are shown in Figs. 5(a) and 5(b), respectively. From Fig. 5(a) , it was noted that electrical conductivity of the solution with deionized water solely (condition I) was observed to be 42.5 mS/cm. In case of condition II, electrical conductivity of the solution decreased with increasing the amount of ethanol from the initial value. Addition of ethanol could control electrical conductivity of the solution since ethanol is not ionized in the solution and has extremely low electrical conductivity. On the other hand, in the case of condition III, electrical conductivity showed almost constant value of 20 mS/cm with changing the mixing ratio of acetic acid, as illustrated in Fig. 5(b) . Acetic acid could not considerably affect electrical conductivity of the solution due to exhibiting weak acidity against the prepared solution.
Evaporation rate of the CP/PVA prepared solution with various mixing ratio of solvents in case of condition II and III are shown in Figs. 6(a) and 6(b) , respectively. The amount of evaporation per unit time increased with addition of ethanol, i.e., evaporation rate of the solution increased as shown in Fig. 6(a) . Conversely, evaporation rate of the solution decreased with the addition of acetic acid [ Fig. 6(b) ]. These results suggest that the formation of NKN fibers is related to electrical conductivity of the solution and the homogeneity of the fibers has been significant influenced by the evaporation rate. Ethanol could control electrical conductivity and acetic acid could affect evaporation rate with fixed electrical conductivity.
Additionally, the DSC measurement revealed that the orthorhombic-tetragonal phase transition temperature (T OT ) and the tetragonalcubic Curie temperature (T C ) of the NKN fiber are approximately 185 and 400°C, respectively. These temperatures were nearly the same as compared to the NKN bulk ceramics (Fig. 7) , suggesting that the NKN fiber show orthorhombic phase at room temperature. In summary, the homogeneous ferroelectric NKN fiber with a single perovskite structure of orthorhombic phase was synthesized from a CP source via the electrospinning method using the optimized solvent conditions for PVA solution.
Conclusion
Lead-free NKN fibers were successfully fabricated though an electrospinning technique using aqueous-based CP. The beadfree uniform NKN fibers with the single perovskite structure of orthorhombic phase at room temperature could be obtained by preparing the properties of the CP/PVA solutions. The electrospun fibers have controllable diameter ranging approximately 100 to 1100 nm using the PVA solvent with the deionized water/ ethanol/acetic acid volume ratio of 1.00/1.00/0.50. Moreover, the properties of the CP/PVA precursor solutions, especially electrical conductivity and evaporation rate, were found to play a significant role in the formation and homogeneity of the NKN fibers, respectively.
